The cyclotide family of plant proteins is of interest because of their unique topology, which combines a head-to-tail cyclic backbone with an embedded cystine knot, and because their remarkable chemical and biological properties make them ideal candidates as grafting templates for biologically active peptide epitopes. The present study describes the first steps towards exploiting the cyclotide framework by synthesizing and structurally characterizing two grafted analogues of the cyclotide kalata B1. The modified peptides have polar or charged residues substituted for residues that form part of a surface-exposed hydrophobic patch that plays a significant role in the folding and biological activity of kalata B1. Both analogues retain the native cyclotide fold, but lack the undesired haemolytic activity of their parent molecule, kalata B1. This finding confirms the tolerance of the cyclotide framework to residue substitutions and opens up possibilities for the substitution of biologically active peptide epitopes into the framework.
INTRODUCTION
The cyclotides [1] are a fascinating family of plant proteins that are distinguished by a head-to-tail peptide backbone and six conserved cysteine residues that are paired to form a knotted network of three disulphide bonds within the molecular core. The combination of a circular peptide backbone and a tightly knotted disulphide network forms a CCK (cyclic cystine knot) motif and makes the cyclotides exceptionally stable. In general, the limited stability of peptides in vivo makes them poor candidates for drug development. However, the cyclotides are resistant to thermal unfolding, chemical denaturants and proteolytic degradation and their use in native medicine as a uterotonic tea suggests that they are very stable in biological systems [2] . This inherent stability makes the cyclotides an attractive scaffold for the design of peptide-based therapeutics [3] .
Over 80 cyclotides containing between 28 and 37 amino acids have been reported to date, with example sequences shown in Figure 1(A) [4] . The backbone segments between the conserved cysteine residues, referred to as loops, have various levels of sequence diversity, as illustrated in Figure 1 (B). Loops 1 and 4 are highly conserved across all the cyclotides and, together with the three disulphide bonds, form the cystine knot. Loop 6 has recently been identified as the point of cyclization in the biosynthesis of the cyclotides and, although it varies in size between different cyclotides, it has a number of highly conserved residues that are believed to be critical in the processing of the cyclotide precursor protein [5, 6] . The remaining loops (2, 3 and 5) are more variable in size and composition, but several residues are still highly conserved. On the basis of the presence or absence of a cis-proline residue in loop 5, the cyclotides have been divided broadly into two subfamilies, namely the bracelet and Möbius respectively.
A number of three-dimensional structures of cyclotides have been determined by NMR, including kalata B1 and B2 [7, 8] , cycloviolacin O1 [7] , circulins A and B [9, 10] , palicourein [11] , tricyclon A [12] , vhl-1 [13] and vhr-1 [14] . The conserved structural elements of the cyclotides include a β-hairpin that is part of a triple-stranded β-sheet formed by loops 4, 5 and 6. The third strand is distorted from ideal geometry and contains a β-bulge. In addition, the bracelet cyclotides have a short section of helical structure in loop 3.
The cyclotides exhibit a diverse range of biological activities. These include uterotonic [15] , anti-HIV [16] , haemolytic [17] [18] [19] , antimicrobial [19] , antitumour [20] and cardiotoxic activity [15] , as well as inhibition of trypsin [21] and neurotensin binding [22] . In addition, they exhibit insecticidal properties, and it is believed that the natural role of cyclotides in plants is as a defence against predation [5, 8] .
A predominant feature of the Möbius cyclotides, exemplified by the prototypical kalata B1, is the large number of hydrophobic residues that are exposed on a localized region of the protein surface. This large hydrophobic patch in kalata B1 is formed predominantly by the residues of loops 5 and 6 and has a major influence on the folding of the peptide. Previously it has been shown that addition of a hydrophobic solvent to the folding buffer in vitro significantly improves the yield of correctly folded kalata B1 [18] . Furthermore, this hydrophobic patch has been implicated as providing a key contribution to the biological activity of these peptides [7] .
The CCK framework is an attractive scaffold on which to graft biologically active peptide epitopes. In the present paper we describe the synthesis of two 'grafted' kalata B1 variants and examine their structural and biological properties with the aim of exploring the plasticity of the CCK framework. An understanding of the tolerance of the CCK framework to changes in the variable loops is crucial if we are to utilize it as a scaffold for drug design. Our first step towards this understanding is to investigate the role of the hydrophobic patch in both folding and structure ; vhl-1 [13] ; and kalata B1 [48, 49] . Circulin A, cycloviolacin O1 and vhl-1 are members of the bracelet subfamily, whereas kalata B1 is a Möbius cyclotide, as it contains a cis-proline in loop 5. (B) The CCK framework illustrating the cyclic backbone and cystine-knot motif. The β-sheet region is shown and the cysteine residues and loops are numbered.
of the cyclotides. Both of the analogues have polar or charged residues introduced into loop 5 to replace residues that are part of the hydrophobic patch. [W19K/P20N/V21K]kalata B1 has three residues (KNK) from a bracelet cyclotide substituted into loop 5 of a Möbius cyclotide while [P20D/V21K]kalata B1 has two charged residues (DK) substituted into loop 5 ( Figure 1A ). The former analogue is thus a chimaera and the latter a charge mutant. The KNK sequence was chosen as it is a conserved sequence in loop 5 of the bracelet cyclotides and it was of interest to see if it would be tolerated in the Möbius cyclotides. In the second mutant the DK residues were chosen to see if the interaction between neighbouring positive and negative charges would counteract any destabilization caused by the disruption of the hydrophobic patch. By introducing polar and charged residues into loop 5 the size of the hydrophobic patch is reduced and consequently we could examine the effect on folding and biological activity. This will provide an understanding of the tolerance of the CCK framework of non-native epitopes and hence establish its viability as a structural scaffold for the development of peptide-based pharmaceuticals.
EXPERIMENTAL

Peptide synthesis
All peptides were assembled on PAM (phenylacetamidomethyl) resin (Applied Biosystems, Foster City, CA, U.S.A.) by manual solid-phase peptide synthesis using the in situ neutralization/ HBTU [2-(1-H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate] protocol for Boc (t-butoxycarbonyl) chemistry [23] . The peptide chain was attached to the resin via a linker which generates a C-terminal thioester on HF cleavage [24] . Amino acid side chain protection was as follows: Arg(Tos), Asn(Xan), Asp(OChx) Glu(OChx), Ser(Bzl), Thr(Bzl) and Trp-(CHO) (where Tos is tosyl, Xan is xanthyl, OChx is cyclohexyl ester, Bzl is benzoyl and CHO is formyl). The CHO protecting group on the tryptophan residue was not removed prior to cleavage as the conditions required for deprotection are not compatible with the TAMPAL (trityl-associated mercaptopropionic acid leucine) linker. Cleavage of the peptide from the resin was achieved using HF with p-cresol and p-thiocresol as scavengers (HF/pcresol/thiocresol, 9:0.8:0.2, by vol.). The reaction was allowed to proceed at − 5 to 0
• C for 1 h; HF was removed under vacuum and the peptide precipitated with diethyl ether. Following cleavage, the peptide was dissolved in 50 % acetonitrile containing 0.05 % TFA (trifluoroacetic acid) and freeze-dried. The crude peptide was purified by RP (reversed-phase)-HPLC on a Phenomenex C 18 column using a gradient of 0-80 % B (Buffer A: water/ 0.05 % TFA; Buffer B: 90 % acetonitrile/10 % water/0.045 % TFA) in 80 min and the eluent was monitored at 230 nm. These conditions were used in subsequent purification steps. Analytical RP-HPLC and ES-MS (electrospray MS) confirmed the purity and molecular mass of the synthesized peptide.
The linear reduced peptides were cyclized and oxidized 'in one pot' by incubating in 0.1 M NH 4 HCO 3 (pH 8.5)/propan-2-ol (50:50, v/v) with 1 mM GSSG overnight at room temperature. The mixture was then purified by RP-HPLC to yield the cyclic/ oxidized peptide. Analytical RP-HPLC and ES-MS confirmed the purity of the final product and 1 H NMR was used to confirm that the peptide had correctly folded.
NMR spectroscopy
Samples for NMR spectroscopy were prepared by dissolving the peptide in either 90 % 1 H 2 O/10 % 2 H 2 O or 100 % 2 H 2 O to a final concentration of 1 mM and a pH of approx. 4. All NMR experiments were carried out on Bruker 500 MHz and 750 MHz spectrometers with sample temperatures of 290 and 295 K. The twodimensional NMR experiments performed included DQF (double-quantum-filtered)-COSY, TOCSY [25] , ECOSY (exclusive COSY) [26] and NOESY with mixing times of 100 and 200 ms. All spectra were acquired as previously described [7] and spectra were processed using XWINNMR software (Bruker). To identify slowly exchanging amide protons, a series of onedimensional and TOCSY spectra were obtained from the fully protonated peptide immediately after dissolving the sample in 2 H 2 O. Chemical shifts were referenced to DSS (dimethyl-2-silapentane-5-sulphonate) at 0 p.p.m. Processed spectra were analysed and assigned within the program XEASY [27] using the sequential assignment technique [28] .
Structural restraints
Cross-peaks primarily from the 200 ms NOESY spectrum at 290 K were integrated in XEASY and distance restraints were derived using the CALIBA function of DYANA [29] with appropriate pseudoatom corrections. Backbone dihedral restraints were derived from 3 J NH−αH coupling constants measured both from the one-dimensional spectrum and from the lineshape analysis of H N -H α peaks in the COSY spectrum. The angles were restrained to − 120 + − 30
• for 3 J NH−αH couplings of 8-9.5 Hz, − 120 + − 15
• for 3 J NH−αH couplings of > 9.5 Hz and 50 + − 40
• where 3 J NH−αH couplings were ≈ 7.0 Hz and strong intra-residue H N -H α NOEs (nuclear Overhauser effects) were observed. In addition, backbone dihedral angles were restrained to − 100 + − 80
• where sequential H N -H α NOEs were significantly stronger than intra-residue H N -H α NOEs.
3 J αH−βH coupling constants derived from ECOSY spectra together with NOE intensities from a 100 ms NOESY spectrum were used to obtain stereospecific assignments and ϕ 1 dihedral angles of 60, − 180 or − 60
• .
Figure 2 Schematic illustration of the synthetic strategy utilized for grafted cyclotide analogues
There are six possible starting points for the synthesis, at the N-terminal side of each of the cysteine residues, which are indicated by arrows; the amino acid that would become the C-terminal residue in the linear precursor is also shown. The two modified kalata B1 analogues described in the present study were synthesized using solid-phase methods by starting at the glycine residue in loop 3, as shown on the right, and attached to the resin via a thioester linker (X). The peptide chain was built up on-resin (starting at the C-terminus) until loop 5 was reached, when the resin was split and the synthesis of the two analogues completed separately. After cleavage of the peptide chain from the resin, cyclization and disulphide formation was done simultaneously by incubating the peptides in aqueous buffer at pH 8.5.
Structure calculations
Preliminary three-dimensional structures were calculated using a torsion-angle simulated-annealing protocol within DYANA [29] to check NOE restraints for violations and resolve ambiguous cross-peaks. The dihedral angle restraints were included in these structure calculations, and where hydrogen bonds could be determined and assigned unambiguously, these were included in subsequent calculations. Final structures were calculated using simulated-annealing and energy-minimization protocols in explicit water [30] within CNS version 1.1 [31] as previously described [7] . Structures were analysed using PROMOTIF [32] and PROCHECK-NMR [33] .
Haemolytic assay
Human type A erythrocytes were washed with PBS and centrifuged at 150 g for 30 s in a microcentrifuge several times until a clear supernatant was obtained. The assay was performed by adding 20 µl of sample to 80 µl of a 1% suspension of erythrocytes in PBS. The concentration of the sample stock was determined by measurement of the UV absorbance at 215 nm. Test concentrations ranged from 0.5 to 1400 µM. Synthetic melittin (Sigma) was used as a standard. The mixtures were incubated at room temperature (23 • C) for 1 h and then centrifuged at 150 g for 1 min. The supernatant (35 µl) was diluted 1:30 in deionized (Milli-Q) water, and the absorbance was measured at 415 nm. The peptide concentration causing 50 % haemolysis (HD 50 ) was calculated.
RESULTS
Design and synthesis
Both [W19K/P20N/V21K]kalata B1 and [P20D/V21K]kalata B1 were synthesized using solid-phase peptide synthesis. The strategy for synthesis of the grafted cyclotide analogues is shown in Figure 2 . The linear precursor sequences were designed to have cysteine residues at their N-termini to facilitate cyclization via an intramolecular thioester-mediated reaction as described previously [34] . In the present study, the two linear sequences synthesized corresponded to CTCSWDKCTRNGLPVCGETCVGG-TCNTPG for [P20D/V21K]kalata B1 and CTCSKNKCTRNGL-
The most efficient method of synthesizing multiple loop 5 analogues is to begin the synthesis at the end of loop 4 (i.e. Thr 16 ) as the sequence common to both peptides can be synthesized in one pot and the resin then divided to complete the individual peptides. However, we chose to begin the synthesis at loop 3, rather than loop 4, as the intramolecular cyclization reaction proceeds more rapidly when the less bulky glycine is at the C-terminus [35] . If the synthesis had started from loop 4, then the C-terminal residue would have been a more bulky threonine residue, which would have probably reduced the rate of the cyclization reaction.
After assembly and cleavage from the resin using HF, the peptides were cyclized and oxidized in a buffer containing ammonium bicarbonate in aq. 50 % (v/v) propan-2-ol to form the cyclic backbone and three disulphide bonds. The identity and purity of both folded peptides was confirmed by analytical RP-HPLC and ES-MS. The correct disulphide connectivity was subsequently confirmed from NMR experiments. The retention time of oxidized kalata B1 is significantly longer than that of its reduced form, owing to the formation of the hydrophobic patch on folding. The oxidation profiles of the two cyclotide analogues (Figure 3) clearly show that the retention times of the oxidized peptides are very similar to that of the corresponding reduced forms. This reflects the substitution of the hydrophobic residues in kalata B1 with the polar and charged residues in the two analogues.
NMR assignment and structure determination NMR spectra were recorded at 500 and 750 MHz and used to determine the three-dimensional structure of the two analogues. Assignments of the NMR spectra of the analogues were made using two-dimensional homonuclear methods [28] . Chemical shifts in the amide region are generally well dispersed, and the fingerprint region in the NOESY spectrum of each peptide shows a complete cycle of αH-NH sequential connectivities for the whole protein, unbroken except at proline residues. Both proline residues in From a consideration of the experimental NOE, slow exchange and coupling patterns illustrated in Figure 4 , together with some longer-range NOEs between backbone protons, an indication of the likely secondary structure was derived and is schematically illustrated in Figure 5 . The predominant secondarystructural feature in both peptides is a β-hairpin that is loosely associated with a third β-strand. The position of the two strands that make up the β-hairpin is consistent with those found in native kalata B1.
A comparison of the αH chemical shifts of [P20D/V21K] kalata B1 and [W19K/P20N/V21K]kalata B1 with the native peptide is shown in Figure 6 . In general, the chemical shifts do not differ substantially from the native, indicating that the overall fold is retained in both mutant peptides. As expected, the most significant changes occur in loop 5, but additional differences are also observed in loop 2, indicating that mutations in loop 5 have an influence on the structure of loop 2.
The three-dimensional structure of [P20D/V21K]kalata B1 was calculated with 228 distance restraints and 26 angle restraints using a simulated annealing protocol in CNS. A total of 100 sequential, 47 medium-range and 81 long-range distance restraints were derived from NOESY spectra with a mixing time of 200 ms. A total of 16 ϕ angles were obtained from 3 J HN−Hα coupling constants and ten χ1 angles were derived from the 3 J Hα−Hβ coupling constants and NOESY cross-peaks intensities. The disulphide connectivity was assumed to be identical with that of kalata B1 on the basis of the similarities in chemical shifts. Eight hydrogen bonds were established through the slow-amide-exchange data and were included in the structure calculations. The 20 lowestenergy structures were chosen to represent the structure of [P20D/ V21K]kalata B1, and a summary of the structural statistics is shown in Table 1 . An overlay of the lowest-energy structures is given in Figure 7 (A).
An analysis of the three-dimensional structure of [P20D/ V21K]kalata B1 with PROMOTIF NMR reveals that the major secondary structural element is a β-hairpin comprising residues 16-23. Residues 16-18 and 21-23 form the two β-strands and a type I β-turn between residues 18 and 21 connects these two strands. A third β-strand is not formally recognized, but is loosely associated with residues 3 and 4. The structure also contains a number of tight turns, including type I β-turns between residues 6 and 9 and between residues 24 and 27, and a type II β-turn between residues 12 and 15. Two inverse gamma turns were also identified in [P20D/V21K]kalata B1, located between residues 5 and 7 and between residues 27 and 29. The disulphide bond between Cys 5 and Cys 17 is characterized as a right-handed spiral by PROMOTIF NMR, whereas those between Cys 1 and Cys 15 and between Cys 10 and Cys 22 are recognized as a left-handed spirals, and these disulphide-bond conformations agree with the native structure. Generally the overall three-dimensional structure of [P20D/V21K]kalata B1 is well-defined [global backbone RMSD (root-mean-square deviation) 0.40 + − 0.12 Å; 1 Å = 0.1 nm] and, as is evident from Figure 7 (A), the general fold closely resembles that of the native kalata B1.
The three-dimensional structure of [W19K/P20N/V21K]kalata B1 was calculated with 278 NOE distance restraints and 21 dihedral angle restraints using a simulated annealing protocol in CNS. The 20 lowest-energy structures consistent with experimental data were chosen to represent the family of structures for the KNK chimaera of kalata B1, as shown in Figure 7 (B). A summary of the energy and geometric statistics for these structures is given in Table 1 . [36] .
Haemolytic activity
Some of the various biological activities exhibited by cyclotides may be related to membrane disruption, which in turn is related to their hydrophobicity. Kalata B1 has mild haemolytic activity [37] , and so a haemolytic assay was used to compare the biological activity of the cyclotide analogues with that of kalata B1. The results of this assay are shown in Figure 8 and support our hypothesis that haemolytic activity could be removed via a decrease in the hydrophobic nature of the cyclotides. Both [P20D/ V21K]kalata B1 and [W19K/P20N/V21K]kalata B1 exhibited no haemolytic activity, in contrast with kalata B1, which exhibited mild haemolytic activity consistent with literature values.
DISCUSSION
In the present study we have synthesized and characterized two cyclotide analogues in which residues comprising part of the hydrophobic patch in native kalata B1 have been replaced with grafted epitopes containing polar or charged residues. Both grafted peptides, [W19K/P20N/V21K]kalata B1 and [P20D/V21K]-kalata B1, exhibited a native-like fold, despite the substantial change in residue type and alteration in hydrophobic properties due to the grafting of the new epitopes into loop 5. This work thus confirms that 'foreign' epitopes can successfully be grafted into the cyclotide framework without disrupting the folding of the CCK. Importantly, increasing the polarity and charge on the surface of the grafted peptides abolished the haemolytic activity of the native peptide, showing that the cyclotide framework is readily amenable to mutations that enhance its biopharmaceutical properties.
The major aim of the present study was to see if the cyclotide framework was amenable to the grafting of new sequences and whether the replacement of key hydrophobic residues would affect the folding and structure. To address this aim it was necessary to develop a general strategy for the synthesis of grafted cyclotide analogues. Native chemical ligation is a methodology for linking two peptide fragments via a peptide bond utilizing a C-terminal thioester moiety in one peptide and a N-terminal cysteine in the other [24] . If this reaction is performed intramolecularly, then the product has a cyclic peptide backbone. This strategy has been utilized successfully to synthesize both native cyclotides and disulphide-deficient mutants [18, 19, 34] and was applied here for the grafted mutants. The presence of six cysteine residues in the cyclotide sequences means that there are potentially six starting points for the synthesis of the linear peptide precursor. The possibility of multiple potential starting points is advantageous when synthesizing multiple analogues that contain a range of substitutions in the same loop. By selecting an appropriate starting point, the majority of the sequence can be synthesized before splitting the resin into aliquots and completing each analogue individually. This splitting strategy results in a substantial saving of time relative to the separate synthesis of each mutant and is applicable for the efficient future production of a range of grafted cyclotide analogues.
Having designed and tested an appropriate synthetic strategy, we turned to a structural examination of the grafted cyclotides. Figure 9 shows surface representations of the two grafted cyclotides and compares them with kalata B1, a prototypic Möbius cyclotide and circulin A, a prototypic bracelet cyclotide. A comparison of Figures 9(A) and 9(B) for the mutants with Figure 9 (C) for kalata B1 shows that the surface-exposed hydrophobic patch in the latter is clearly disrupted in the two mutants. (Figure 9B ), the corresponding molecular face is more similar to that of circulin A than kalata B1, with only a small hydrophobic patch formed by Leu 27 , Pro 28 and Val 29 . Figure 9 (D) shows the corresponding face of circulin A, which has only a small hydrophobic patch made up of Ile 29 and Pro 30 . The results clearly show that the hydrophobic patch of kalata B1 can be disrupted, but still produce folded cyclotides.
In previous studies, the formation of the hydrophobic patch of kalata B1 has been associated with the correct folding of the peptide in vitro [18, 34, 38] . The yield of the correctly folded form of kalata B1 was significantly enhanced by the inclusion of propan-2-ol in the folding buffer to stabilize the hydrophobic patch. The folding efficiency of the two grafted cyclotides in the presence of propan-2-ol was slightly reduced compared with kalata B1, but reasonable yields were still produced. There was a small decrease in the yield of correctly folded peptide for [W19K/P20N/ V21K]kalata B1 when compared with [P20D/V21K]kalata B1 and this may be a reflection of the smaller hydrophobic patch in [W19K/P20N/V21K]kalata B1. The retention times of folded [P20D/V21K]kalata B1 and [W19K/P20N/V21K]kalata B1 were significantly shorter than that of kalata B1 and were almost identical with those of their respective reduced forms. This contrasts with kalata B1, where the retention time increases substantially on folding. The shorter retention time of the two analogues is clearly due to the reduction in the hydrophobic surface character of the molecules rather than a change in the global fold, as the It can clearly be seen that the haemolytic activity is abolished in the grafted cyclotide analogues.
NMR structures are comparable with those of kalata B1 and other members of the cyclotide family.
The ability to modulate the hydrophobic patch on cyclotides as demonstrated here has important consequences for their use as molecular templates. A number of native cyclotides have mild haemolytic activity, which is undesirable in a pharmaceutical framework. Previously we have shown that the haemolytic activity of kalata B1 can be abolished when a break is introduced into the backbone via the synthesis of acyclic permutants [37, 39, 40] . The anti-HIV activity of kalata B1 is likewise lost in acyclic permutants [41] . In addition it has been proposed that an increase in net positive charge of a cyclotide is directly correlated with both antimicrobial activity and cytotoxicity [19, 20] . The present study demonstrates that disruption of the hydrophobic patch in kalata B1, by the addition of polar and charged residues, also abolishes haemolytic activity, but offers the advantage of retention of the stable cyclic backbone. The loss of haemolytic activity in the mutants is consistent with findings for other peptides, with haemolytic activity closely correlated with hydrophobicity in a range of bioactive peptides [42] [43] [44] [45] [46] . Following up further on this theme it is noteworthy that although the surfaces of [W19K/P20N/21K]kalata B1 and circulin A are similar for the molecular face shown in Figure 9 , circulin A is haemolytic [19] , but [W19K/P20N/V21K]kalata B1 is not. However, as shown in Figure 9 (F), circulin A has a large hydrophobic surface on the opposite face of the molecule, comprising residues from loops 2 and 3, in contrast with the hydrophobic surface in kalata B1 comprising residues primarily from loops 5 and 6. The fact that loops 2 and 3 are responsible for haemolytic activity in circulin A, whereas loops 5 and 6 facilitate this activity in kalata B1, reinforces the proposal that the cystine knot core of the cyclotides forces exposure of hydrophobic residues, and that this can result in different locations for hydrophobic patches depending on the sequence. In other words, one of the strengths of the CCK framework is that the cystine knot core is a reproducible structural unit that can be 'decorated' with residues that can be placed in different, yet precisely defined, locations determined by their position in the amino acid sequence.
In conclusion, the CCK framework, owing to its inherent thermal and biological stability [47] , is an attractive molecule for use as a scaffold for the development of peptide-based pharmaceuticals. However, it is desirable for any drug scaffold to be biologically inert, and the mildly haemolytic activity of many native cyclotides represents a potential limitation to their use as pharmaceuticals. The present study has shown that it is possible to 'engineer out' this haemolytic activity without any significant effects on the folding efficiency or overall structure of the molecule. This is a vital step towards utilizing cyclotides as drug templates. The CCK scaffold potentially has four sites for the grafting of biologically active epitopes, namely loops 2, 3, 5 and 6. These loops show substantial sequence variation in native cyclotides and, unlike loops 1 and 4, are not an integral part of the cystine knot. On the basis of the structures of the naturally occurring cyclotides it can be envisaged that loops 2 and 5 could accommodate epitopes Hydrophobic residues (alanine, leucine, isoleucine, proline, tryptophan and valine) are green, polar residues (asparagine, serine, threonine and tyropsine) are white, basic residues (arginine and lysine) are blue, acidic residues (aspartic acid and glutamic acid) are red, glycine is cyan and cysteine residues are yellow. (F) Illustrates the hydrophobic patch in circulin A, which is on the opposite face of the molecule to the patch in kalata B1.
comprising a β-turn, and helical sequences could be grafted into loop 3 and long extended sequences into loop 6. In the present study we have established that one of these loops, loop 5, has sufficient plasticity to accommodate sequence changes, including non-native sequences, while maintaining the structural integrity of the scaffold.
It is clear from the results presented here that individual cyclotides are able to accommodate changes to their primary structure while maintaining a native-like fold. This finding paves the way for more extensive grafting studies on the CCK framework. The next logical step is to transfer entire non-native sequences on to the framework to see if the overall fold is still maintained. Peptides generally bind with high affinity and selectivity to their target, but are of limited therapeutic value owing to their low stability and poor bioavailability. Therefore, the ability to graft biologically active peptide epitopes on to the remarkably stable CCK framework has the potential to develop new leads for peptide-based therapeutics. The present study represents a first step towards this goal.
